INTRODUCTION
Classically, the stress response involves central neurohormonal activation of the corticotropin-releasing-factor (CRF) system via the hypothalamic-pituitaryadrenal (HPA) axis. The effectors and responders consist of the neuropeptides CRF, urocortins 1-3 (Ucn1-3), and two G protein-coupled receptors, CRF type 1 (CRF 1 ) and CRF type 2 (CRF 2 ). The ligand CRF is primarily responsible for regulating and/or initiating stress responses via activation of the HPA axis (1), whereas the urocortins play a vital role in the peripheral stress response. Even though they are ubiquitously present throughout mammalian tissues, CRF, Ucn1-3 and their receptors are variably expressed in the skin (2) , skeletal muscle (3), immune system (4), lung (5), heart (6), genitourinary system (7) and gastrointestinal (GI) system (8) .
Accumulating evidence demonstrates localized, cellular expression of Ucn1 in response to GI inflammation (9) (10) (11) (12) (13) (14) . CRF and the urocortin ligands bind CRF 1 and CRF 2 with varying affinities. Ucn1 binds with equal affinities to both CRF 1 and CRF 2 , but binds with a ten-fold higher affinity to CRF 1 than to CRF (15) . Others and we have shown that Ucn1 and CRF 2 are required for normal resolution of GI inflammatory diseases like colitis (9, 13, 14, 16, 17) . The lack of CRF 2 in the GI tract leads to increased inflammation and delayed healing (9, 13, 18) , perpetuating the insult. Patients with inflammatory bowel diseases (IBD) have higher incidences of acute and chronic pancreatitis (19) , but the precise role of the CRF system in the inflammatory process or cellular signaling is unclear.
Recently, sex differences in Ucn1 signaling have been described in the midbrain and may result in different HPA axis-associated CRF responses to emotional stress between the sexes (20, 21) . The CRF system has been shown to be vitally important to embryo implantation (22, 23) and maternal-fetal stress patterns, further suggesting sex-defined responses. Moreover, females are more prone to stress-related disorders, which Although females suffer twice as much as males from stress-related disorders, sex-specific participating and pathogenic cellular stress mechanisms remain uncharacterized. Using corticotropin-releasing factor receptor 2-deficient (Crhr2 -/-) and wild-type (WT) mice, we show that CRF receptor type 2 (CRF 2 ) and its high-affinity ligand, urocortin 1 (Ucn1), are key mediators of the endoplasmic reticulum (ER) stress response in a murine model of acute pancreatic inflammation. Ucn1 was expressed de novo in acinar cells of male, but not female WT mice during acute inflammation. Upon insult, acinar Ucn1 induction was markedly attenuated in male but not female Crhr2 -/-mice. Crhr 2 -/-mice of both sexes show exacerbated acinar cell inflammation and necrosis.
Corticotropin-releasing Factor Receptor 2 Mediates Sex-Specific Cellular Stress Responses
Electron microscopy showed mild ER damage in WT male mice and markedly distorted ER structure in Crhr2 -/-male mice during pancreatitis. WT and Crhr2 -/-female mice showed similarly distorted ER ultrastructure that was less severe than distortion seen in Crhr2 -/-male mice. Damage in ER structure was accompanied by increased ubiquitination, peIF2, and mis-targeted localization of vimentin in WT mice that was further exacerbated in Crhr2 -/-mice of both sexes during pancreatitis. Exogenous Ucn1 rescued many aspects of histological damage and cellular stress response, including restoration of ER structure in male WT and Crhr2
-/-mice, but not in females. Instead, females often showed increased damage. Thus, specific cellular pathways involved in coping and resolution seem to be distinct to each sex. Our results demonstrate the importance of identifying sex-specific pathogenic mechanisms and their value in designing effective therapeutics. include inflammatory and functional gastrointestinal (GI) diseases (20, 24, 25) . Acute pancreatitis, a common inflammatory-mediated disease of the GI tract, confers significant morbidity and mortality in up to 30% of patients whose disease progresses to systemic, multiorgan dysfunction (26) (27) (28) . Although the progression of the disease is unpredictable, the pathogenic mechanisms of pancreatitis have largely been identified in animal models. The disease is a complex process regulated by intracellular and extracellular stress cascades. Intracellular acinar pathways resulting in premature activation of degradative enzymes, disrupted inflammatory signaling nuclear factor-κB (NF-κB), calciumsignaling defects, endoplasmic reticulum (ER) stress defects and dysfunctional secretory pathways have all been identified mechanisms that contribute to the pathogenesis of pancreatitis (26, (29) (30) (31) (32) (33) . Although the CRF system has been linked to protein secretion by acinar and β cells in the regulation of glycemia (34) (35) (36) , during inflammation, where Ucn1 and CRF 2 play important roles, the role of this system on acinar cell secretion has not been studied. Furthermore, the cellular mechanism(s) that lead to disrupted acinar cell function or resultant cellular stress-coping mechanisms during an inflammatory insult are unclear.
We sought to understand the role of acinar Ucn1 and CRF 2 in the pathogenesis of pancreatic inflammation. Specifically, we wished to delineate the molecular mechanisms and cellular pathways by which CRF 2 and Ucn1 mediate the actions of an inflammatory insult in a sex-specific manner. To do this, we used a caeruleininduced model of acute pancreatitis in mice. We also examined the differences between sexes in response to the stress of inflammation.
MATERIALS AND METHODS

Animal Studies and Pancreatitis Model
Crhr2 -/-(C57/bl6 background) mice were a generous gift from Mary StenzelPoore, Oregon Health Sciences University, Portland, OR, USA (37 
Immunohistochemistry and Histological Evaluation
Mice were transcardially perfused with 4% paraformaldehyde (PFA); pancreas were removed, postfixed in 4% PFA, washed with PBS, followed by ethanol dehydration and paraffin embedding. Pancreatic tissue was sectioned at 5 μm, deparaffinized in xylene and rehydrated in ethanol series. The following primary antibodies and dilutions were used: antiUcn1 (Sigma-Aldrich; U4757, rabbit, 1:300), anti-amylase (sheep, 1:1,000), antiubiquitin (Cell Signaling, Davers, MA, USA; 3933, rabbit, 1:1,000), anti-peIF2α (Cell Signaling, 119A11, rabbit, 1:100), and anti-Vimentin (DakoCytomation, Carpinteria, CA, USA; M0725, mouse, 1:100). Secondary antibodies used were species-specific FITC or Rhodamine Red™-X (Jackson ImmunoResearch, West Grove, PA, USA; 115-297-003, goat, 1:200) fluorescent antibodies, and sections were viewed by confocal microscopy. Serial sections were stained with hematoxylin and eosin to determine histopathological changes and analyzed using ImageJ64 software (NIH, Bethesda, MD, USA). A histologist scored coded tissue sections for necrosis, vacuolization, polymorphonuclear (PMN) cell infiltration and zymogen degranulation (0-5 scale) as described previously (30) .
Western Blot Analysis
Tissue samples were homogenized in lysis buffer and processed for Western blotting as described (38) . Total protein (40 μg) transferred to PVDF membranes (Immobilon-FL, Millipore, Billerica, MA, USA) was incubated with anti-pERK1/2 (Santa Cruz Biotechnology Inc., Dallas, TX, USA; E-4, mouse, 1:1,000) and anti-ERK2 (Santa Cruz Biotechnology Inc.; C-14, rabbit, 1:5,000) and visualized with Alexa Fluor® 680 (Li-COR Biosciences, Lincoln, NE, USA; 1:20,000) and goat IRDye™800 (Li-COR Biosciences). Blots were analyzed with the Odyssey Infrared Imaging System (Li-COR Biosciences), and densitometry was reported as previously described (38) .
Enzyme-Linked Immunsorbent Assay (ELISA) for Detection of Serum Urocortin 1
Ucn1 concentration (pg/mL) in murine serum and pancreatic tissue lysate was quantified by using the Urocortin Fluorescent EIA Kit (Phoenix Pharmaceuticals, Burlingame, CA, USA; FEK-019-15) according to the manufacturer's protocol. Resultant relative fluorescent units were measured at 450 nm.
Electron Microscopy
Control and experimental male and female mice were deeply anesthetized by using Nembutal and transcardially perfused with phosphate-buffered saline (PBS), followed by 2% glutaraldehyde/ 2% formaldehyde in 0.1 mol/L phosphatebuffered solution (39 Semiquantitative RT-PCR RNA was isolated from rat pancreatic tissue or AR42J acinar cells treated with either vehicle or caerulein by using TRIzol (Invitrogen/Life Technologies, Carlsbad, CA, USA) according to the manufacturer's protocol. RT-PCR was performed by using gene-specific primers for rat Ucn1 (forward: 5′-CTCCT GGTAG CGTTGCTGC-3′; reverse: 5′-GCCCA CCGAATCGAATATGA TGC-3′) for 30 cycles with the following cycling parameter: 95°C for 30 s, 66°C for 30 s, 72°C for 30 s by using conditions described elsewhere (14) . Cyclophilin (forward: 5′-TGCAG ACGCCGCTGT CTC-3′; reverse: 5′-TGCTCTCCTGAGCTA CAG-3′; annealing temperature 60°C) was selected as an unrelated housekeeping gene for normalization; and band intensities were quantified by using ImageJ64 software (NIH). Primer sets for CRF, Ucn2 and CRF receptors are provided in Supplementary Table S1 .
Statistical Analysis
Data are shown as mean ± standard error of mean (SEM). Group differences were analyzed by using analysis of variance (ANOVA) followed by Bonferroni posttests (Prism; GraphPad Software Inc.). Student t test was used to compare two groups when appropriate. Twosided p values ≤0.05 were considered statistically significant.
All supplementary materials are available online at www.molmed.org.
RESULTS
Ucn1 Is Induced De Novo during Acute Pancreatitis.
Although β-cell glucose regulation has been linked to the CRF system and Ucn1 expression has been reported in islet cells during periods of stress (34) (35) (36) , the role of the CRF system in exocrine acinar cells, which show context-dependent protein secretion, has not been established. To examine the role of Ucn1 and CRF 2 in acinar cells during pancreatic stress and inflammation, we used caerulein to induce pancreatitis in mice. Our results showed that under normal physiologic conditions Figure S1D ). Since Ucn1 binds both CRF receptors with equal affinity and can exert its effect via activation of either receptor, we next ascertained if these two receptors were present in the pancreas. At baseline, low levels of CRF 2 were present and its messenger RNA (mRNA) levels increased during pancreatitis in WT male and female mice (Supplementary Figure S1E ). As expected, CRF 2 mRNA was not detected in pancreas of Crhr2 -/-male and female mice (Supplementary Figure S1E ). Interestingly, mRNA for CRF 1 receptor was not detected in pancreas of either WT or Crhr2 -/-male and female mice, whereas CRF 1 was present in brain mRNA, which served as a positive control (Supplementary Figure S1E ).
CRF 2 Deficiency Renders Males and Females Susceptible to Acute Pancreatitis.
Because CRF 2 actions are antiinflammatory (9,13), we predicted that CRF 2 deficiency would exacerbate inflammation. To test this prediction, histopathology scores were obtained from control and pancreatitis tissues. Pancreatitis resulted in significant pancreatic histologic damage in WT mice of both sexes (Figures 2A-C Figure S3B) . In female Crhr2 -/-mice, pancreatic MPO activity remained similar to that of female WT mice, correlating with the degree of PMN infiltration. These findings suggest that CRF 2 is protective during acute inflammation, but indicate that males and females respond differently to stressful conditions when CRF 2 and/or Ucn signaling is disrupted. . Total score, necrosis and vacuolization increased in female Crhr2 -/-mice (*p < 0.05) (C). Ucn1 treatment (hashed grey and blue bars) significantly decreased all scores for male Crhr2 -/-except PMN infiltrate, which was decreased in male WT mice (**p < 0.05). Ucn1 treatment either worsened histologic damage in female WT and Crhr2 -/-mice or had no effect on variables examined (C). Statistical analyses were performed between same-sex groups by using ANOVA, followed by Bonferroni posttests. Data represent score ± SEM of 12 mice/group.
Ucn1 Is Induced De Novo in Cultured Acinar (AR42J) Cells.
To confirm our in vivo finding that Ucn1 is induced de novo in acinar cells and is not being released from elsewhere via innervation found in the acinar cells, we determined the presence of Ucn1 mRNA by RT-PCR in cultured pancreatic acinar cells (AR42J), with or without caerulein treatment. As in vivo, Ucn1 mRNA was undetectable at baseline (control) in AR42J cells, but was highly induced upon caerulein treatment ( Figure 3A , Supplementary Figure S4A) , confirming that Ucn1 is expressed locally in the acinar cells. Importantly, CRF was expressed under basal conditions in AR42J cells ( Figure 3A) and showed a two-fold increase in mRNA (Supplementary Figure S4A) . Furthermore, neither CRF 1 nor Ucn2 were expressed under basal conditions or after caerulein treatment in acinar cells ( Figure 3A) Figure S4D) . Thus, this further confirms that Ucn1 actions in acinar cells are mediated via CRF 2 , but not CRF 1 (Supplementary Figure S4D) .
Ucn1 Treatment Reduces Hyperamylasemia and Amylase
Release in Acinar Cells. Increased amylase release from acinar cells reflects acinar cell damage and is an early pathologic feature in animal and human models of pancreatitis (26) . We confirmed that after caerulein treatment, amylase immunoreactivity (amylase-IR) was increased in the acinar cells and colocalized with Ucn1-IR in both male and female mice ( Figures 3B, C) , but not in negative controls ( Figure 3D ). Pancreatitis resulted in hyperamylasemia in WT and Crhr2 -/-mice ( Figure 3E ). Because Ucn1 was induced de novo in the exocrine acinar cells of WT, but not Crhr2 -/-mice, we reasoned that Ucn1 might rescue and stabilize some, if not all, aspects of acinar cell damage. As predicted, exogenous Ucn1 decreased serum amylase levels in WT and Crhr2
-/-mice ( Figure 3E , hatched bars). This finding is further supported by our in vivo result that acute caerulein treatment of AR42J cells increased amylase release into the medium and Ucn1 treatment of AR42J cells significantly decreased caerulein-induced amylase release ( Figure 3F ). These findings suggest that an acinar cell-specific, de novo induction of Ucn1, is vital to cellular coping responses during inflammation.
Ucn1 Treatment Reduces Pancreatic Inflammation Only in Male Mice.
Because Ucn1 has known protective effects during inflammation in many peripheral organ systems (6,9,17,41), we wondered if this was true in the pancre- Figure 2B) ; that is, progression to necrosis, vacuolization and zymogen degranulation all improved. In male WT mice, Ucn1 decreased the number of PMN cell infiltrate, but otherwise had little effect on inflammation severity (Figure 2B) . In sharp contrast to Ucn1's effect in male Crhr2 -/-mice, Ucn1 showed no protective effect in female Crhr2 -/-mice ( Figure 2C ), suggesting that Ucn1 confers an antiinflammatory or protective effect in male mice only.
CRF 2 Deficiency Results in Changes to the Ultrastructure of the Endoplasmic Reticulum.
Dysfunctional pancreatic exocrine secretion during pancreatitis manifests in pathologic zymogen formation and the release of activated peptidases (42) . The increased vacuolization and loss of zymogen granules we observed in Crhr2 -/-mice suggested that CRF 2 was involved in maintaining cellular organelle integrity and affected cellular protein machinery. Electron microscopy showed no discernable differences in acinar cell ultrastructure between male and female WT mice ( Figures 4A, 5A ), or Crhr2 -/-mice, at baseline ( Figure 4B ). Pancreatitis increased peripheral nuclear chromatin condensation and mitochondrial size similarly in male WT and Crhr2 -/-mice ( Figure 4C, D) . In male WT mice, there was minor disruption of the rough ER and a few autophagic compartments were discernable ( Figure 4C ), but the rough ER of male Crhr2 -/-mice was strikingly distorted, with numerous whorls and intraluminal inclusion bodies ( Figure 4C versus 4D) . The male Crhr2
-/-mice also had many large cytoplasmic autophagic compartments that contained aggregates of ribosomes and rough ER membrane components ( Figure 4D ), sug- with normal appearing acinar cell ultrastructure. During pancreatitis, WT male mice show a marked increase in zymogen granule (ZG) formation, mild expansion of rough ER and intraluminal material (C), consistent with ER stress. Infrequent, small autophagic bodies (*) containing densely staining material were found. During pancreatitis, Crhr2 -/-mice show markedly dilated rough ER (D); ER whorls and increased intraluminal inclusion bodies were visible, all of which were increased relative to what was seen in WT pancreatitis. Frequent, multiple large autophagic bodies (white *) that contained numerous ribosomes and membrane components were seen. (M, mitochondria; N, nucleus; RER, rough endoplasmic reticulum; SG, secretory granules; ZG, zymogen granule). Exogenous Ucn1 treatment during pancreatitis markedly reduces ER ultrastructure damage and number of autophagic bodies in both WT and Crhr2 -/-male mice (E, F). gesting increased ER stress. Pancreatitis resulted in distorted rough ER ultrastructure in the male Crhr2 +/-mice, and to a lesser degree in WT+A2B mice (Supplementary Figure S4 ). In contrast to the male mice, female WT and Crhr2 -/-mice displayed similarly distorted ER structure during pancreatitis ( Figure 5B, C) . However, female WT mice displayed worse ER damage than male WT mice, whereas female Crhr2 -/-mice displayed markedly less damaged ER than their male Crhr2 -/-mice (Figures 5B and C versus 4B and C). Thus, the baseline response to the stress of inflammation appears to be more tempered in females and more dramatic and fast in males.
Ucn1 and CRF 2 Alter the ER Stress Pathway in Males Alone.
The ER stress response is activated early in the development of acute pancreatitis (31) . This response may be characterized in several steps that include activation of the unfolded protein response (UPR) to inhibit protein translation. The UPR aids in directing misfolded proteins toward ubiquitin-dependent degradation (43) . We therefore examined whether ER distortion in Crhr2 -/-mice contributes to the UPR and ubiquitinates proteins for degradation. We found that caerulein treatment increased accumulation of ubiquitinated proteins by 10-fold in male WT mice, and by more than 220-fold in Crhr2 -/-mice ( Figures 6, 7A ). In female
Crhr2
-/-mice, the accumulation of ubiquitinated proteins increased by only 10-fold over that in female WT mice (Figures 6, 7A Cellular microenvironments and appropriate subcellular localization are important in fine-tuning cellular responses (45) and provide resistance against stressors. Vimentin, a highly conserved and widely expressed intermediate filamentous protein, is involved in facilitating cytoskeletal cross-talk and cellular targeting of proteins (45) . We identified vimentin as a CRF 2 -interacting protein by coimmunoprecipitation and mass spectrometry (S Mahajan and A Bhargava, unpublished results). Because vimentin is often found associated with either the nucleus or the ER and is integral to cell viability, we ascertained if lack of CRF 2 altered pancreatic vimentin expression or its localization. We found that at baseline, vimentin was expressed perinuclearly in male and female WT mice ( Figure 6 ). During pancreatitis, vimentin translocated to the plasma membrane in male WT mice and its expression increased 5-fold (Figures 6, 7C) . In male Crhr2 -/-mice, vimentin expression increased 15-fold, and its expression was mistargeted to the intracellular matrix. Ucn1 treatment during pancreatitis decreased total vimentin expression and decreased its intracellular expression in male WT, and to a lesser degree in male Crhr2 -/-mice (Figures 6, 7C ).
During pancreatitis, in female WT and Crhr2 -/-mice, vimentin expression increased modestly and discrete plasma membrane localization was not visible (Figures 6, 7C) . Unlike in males, Ucn1 treatment did not restore the perinuclear localization of vimentin, or decrease its expression in females. These findings, together with the ultrastructure, ubiquitination, and peIF2α results, show that dysfunctional CRF 2 /Ucn1 circuit dramatically affects ER stress responses in male, but not in female, mice.
Ucn1 Modulates Extracellular SignalRegulated Kinase (ERK) Signaling Responses in Female Mice Only
Downstream modulators of ER stress include the mitogen-activated protein kinase pathway (MAPK/ERK) (46) . Others and we have shown that ERK signaling modulates the inflammatory response during colitis (9, 41) , and that colonspecific knockdown of CRF 2 by RNA interference markedly attenuates phosphorylation of ERK (pERK) (9) . To determine whether CRF 2 deficiency compromised ERK signaling in either sex during pancreatitis, we quantified increases in pERK levels in pancreatic lysates by Western blot analysis. We found that during pancreatitis, pERK levels tended to increase modestly in male WT and Crhr2 -/-mice over baseline, and were not affected by Ucn1 treatment (Figures 7D, E) . In female WT and Crhr2 -/-mice, pERK levels increased significantly over baseline, but unlike in males, Ucn1 significantly decreased pERK levels ( Figures 7D, E) . Although ERK phosphorylation is associated with early pancreatic damage, the pathway is dynamic and may be temporally activated and deactivated (47, 48) . It may be that Ucn1 and/or CRF 2 recruit distinct MAPK signaling pathways in males and females.
DISCUSSION
As our understanding of GI inflammatory diseases improves, we find that neurohormonal stress responders, in particular the CRF system, play an important role. Others and we have shown that Ucn1 and CRF 2 are required for resolution of GI inflammatory diseases like gastritis and colitis (9, 13, 14, 16, 17, 31, 49) . Loss of CRF 2 leads to increased inflammation, delayed healing, and exacerbates the inflammatory insult (9, 18, 43) . Using acute pancreatitis as another model of inflammation, we found that CRF 2 defi- ). Simultaneous Ucn1 treatment decreased ubiquitin levels in male Crhr2 -/-mice (** p < 0.05) and peIF2α levels in male WT mice (*p < 0.05) (A, B). Western blot analysis of pancreatic lysates was performed (D, E), and representative Western blot from two mice per group is shown (E). Quantitation of pERK1/2 normalized to total ERK showed significant increases in pERK1/2 in male and female WT and Crhr2 -/-mice (D, *p < 0.05). Ucn1 treatment did not affect pERK levels in male WT or Crhr2 -/-mice, but significantly (**p < 0.05) reduced pERK levels in female WT and Crhr2 -/-mice. Statistical analyses were performed between same-sex groups by using ANOVA. Data represent mean ± SEM of 12 mice per group.
ciency renders both males and females more susceptible to inflammation. As the pathobiology of acute pancreatitis becomes better understood, the precise nature of inflammation that leads to acinar cell dysfunction has yet to be established. Our confocal microscopy and RT-PCR results show that Ucn1, but not its closely related neuropeptide hormones, CRF and Ucn2, is induced de novo in the exocrine pancreatic acinar cells when acute pancreatitis is induced, whereas the source of Ucn1 in the islet cells remains to be established. Furthermore, while CRF 2 mRNA levels are increased during pancreatitis in WT mice, CRF 1 mRNA is undetectable during pancreatitis, suggesting that Ucn1 does not mediate its effect via CRF 1 in this model of pancreatitis. CRF 1 and CRF 2 expression on a subset of β cells has been previously reported (35, 50) . In agreement with our findings, the same study did not find CRF 1 expression in acinar cells, but reported presence of CRF 1 and CRF 2 in β cells and MIN6 cells (50) . Most components of histologic damage were increased in male Crhr2
-/-mice relative to their WT littermates, whereas only necrosis and vacuolization were increased in female Crhr2 -/-mice relative to their WT littermates. Interestingly, Ucn1 reduced the extent of histologic damage in male Crhr2 -/-mice more effectively than in male WT mice, whereas Ucn1 treatment had no effect in either female WT or Crhr2 -/-mice. Our finding that loss of CRF 2 has a particularly profound effect on PMN cell infiltration suggests that CRF 2 is crucial to recruitment of immune cells in both males and females and shows a particularly novel function for CRF 2 in regulating immune cell function. Others have proposed that the CRF receptors act in a regulatory loop that aids in local containment of inflammation (41) . Acutely, this autoregulatory loop might aid in maintaining homeostasis at the local level. Autophagy of the exocrine pancreas plays an important role in the progression of pancreatitis, but cellular and molecular defects that lead to autophagy are unclear. An early pathologic feature of pancreatitis is increased amylase release from acinar cells (26) . In our experiments, caerulein-induced pancreatitis resulted in hyperamylasemia in male and female WT and Crhr2 -/-mice. Furthermore, Ucn1 treatment decreased amylase release in vivo and in vitro, suggesting that disruption of Ucn1-CRF 2 signaling contributes to pathologic secretory mechanisms during acute pancreatitis. Recent evidence suggests that acinar cell damage is caused by at least two mutually exclusive events-the first is independent of trypsinogen activation, and the second is immune cell dependent (27) (38) . But the fact that the WT females did not respond to exogenous Ucn1 treatment, unlike their WT male counterparts, would suggest that another, yet identified receptor might mediate some of the effects of Ucn1 in the periphery. Alternatively, the CRF 2 receptor can interact with distinct ancillary proteins in a sex-specific manner during stress of inflammation. Our findings show that only a subset of variables contributing to pancreatic damage are CRF 2 dependent and that they vary between the sexes, whereas other variables are distinct sexdependent responses, as summarized in Supplementary Figure S6 . The pancreatic acinar cell is rich in ER, with the richness reflecting its role in digestive enzyme secretion and also making it an attractive model to study ER and organelle ultrastructure in response to inflammatory stress. ER stress and vacuolization contribute to the increased autophagy seen during pancreatitis (51) . Here, we show for the first time that disruption in the signaling of Ucn1 and its high-affinity receptor, CRF 2 , results in gross morphological distortion of the acinar ER ultrastructure, which is accompanied by sex-specific changes in the ER stress signaling components. Previously, ER stress has been studied in the context of alcohol consumption (52) ; and the results showed that alcohol consumption leads to an increased UPR response, accompanied by disorganized and disrupted ER (53 The role of the sex hormones testosterone and estrogen in pancreatic inflammation is unequivocal. Estrogen can have protective effects on cultured acinar cells and works to decrease acinar cell apoptosis in a dose-dependent manner (56) . Estrogen replacement therapy worsens pancreatitis outcomes in females with another comorbidity, such as hyperlipidemia (57, 58) . Low levels of testosterone, on the other hand, result in worsened survival outcomes in male patients with pancreatic adenomas (59) . Here we show that females are resistant to protective effects of exogenous Ucn1 administration, suggesting that estrogen or testosterone are not the primary contributors to inflammation, and do not significantly interfere with CRF 2 /Ucn1 signaling. Taken together, our findings suggest that Ucn1 administration could rescue key deleterious aspects of pancreatitis in males.
Twice as many women as men suffer from stress-related disorders, including anxiety, depression and gastrointestinal diseases (20, 24, 25) . The classic "flight or fight" stress response involves neurohormonal activation of the CRF system via the HPA axis. Perturbations in the CRF system have been implicated in preeclampsia, a life-threatening maternal-fetal disease in which delivery of a preterm infant is often the only cure for significant maternal-fetal stress (22, 23) . Despite the known preponderance of stress-related diseases in females, the use of female animal subjects is perpetually lacking and the resultant sex-specific molecular pathogenesis in disease responses remains vastly understudied. Furthermore, as the dynamic relationship between stress and inflammation has become evident, CRF receptor antagonists and related molecular targets have been intensely studied and used as promising therapeutic targets for these pathophysiologic mechanisms. Most CRF-based therapeutics, though promising in male animal subjects, fail in clinical trials.
CONCLUSION
Our findings demonstrate a distinct role for CRF 2 and Ucn1 signaling in mediating the stress-related exacerbation of pancreatic inflammation, and show that the cellular mechanisms by which the CRF system propagates its actions are sex-specific. We provide evidence that suggests the reason for CRF-based clinical treatment failures may not lie in the therapeutics themselves, but in the sexspecific response to the therapeutics. Finally, in the greater evolutionary scheme, our observations are an example of how males and females differently maintain homeostasis and temper stress responses to inflammation.
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